[1] During sea-level drop, water and gas pressures within oceanic hydrate systems can exceed the total vertical stress and this can drive slope failure and gas venting. We investigate this behavior with a multi-phase fluid and heat flow model. During sea-level drop, fluid pressures drop much less than the total stress due to both the high gas compressibility and hydrate dissociation. In permeable sediments, hydrate dissociation, water expulsion and gas mobility combine to induce underpressure and downward water flow from the seafloor. This study provides a causal mechanism for slope failure and fluid exchange that occur in hydrate systems during sea-level fall. Citation: Liu, X., and P. Flemings (2009), Dynamic response of oceanic hydrates to sea level drop, Geophys. Res. Lett., 36, L17308,
Introduction
[2] Gas hydrate is stable under high pressure (P), low temperature (T) and abundant gas supply. Ocean warming or sea-level drop may release large volumes of methane from hydrates into the ocean and atmosphere and thus hydrates may play an important role in past climate changes [Dickens, 2003] . Xu et al. [2001] and Reagan and Moridis [2008] investigated the dynamic response of oceanic hydrates to seafloor P-T changes to explore this behavior. These studies suggest that most dissociated gas refreezes as hydrate at shallower depth, unless environmental changes are large enough to completely remove the hydrate stability zone.
[3] Paull et al. [1991] , Rothwell et al. [1998] and Maslin et al. [2004] correlated increased slumping with sea-level fall and interpreted it to result from hydrate dissociation and consequent increase in pore pressure. Kayen and Lee [1991] , Sultan et al. [2004] , and Xu and Germanovich [2006] simulated hydrate dissociation and the resultant pore pressure change, given a change in seafloor pressure (P) and temperature (T). Kwon et al. [2008] considered the effects of volume change and sediment compressibility on hydrate dissociation in a closed system. These studies made important contributions, but did not consider the dynamic flow that occurs during hydrate dissociation and the poro-elastic response of the system.
[4] We extend the multi-phase flow model of Liu and Flemings [2007] to describe how oceanic hydrates mechanically and thermally respond to sea-level drop in impermeable and permeable sediments. We account for latent heat of hydrate formation/dissociation, poroelastic response of the free gas zone, sediment compressibility, and gas mobility. Our study highlights the critical importance of the subhydrate free gas in developing overpressure that may drive slope failure and gas venting.
Poroelastic Effect of Gas-Bearing Sediments on Pore Pressure
[5] Pore pressure change due to rapid sea-level change is described by the loading efficiency l [Wang et al., 1998; Katahara and Corrigan, 2002; Sawyer et al., 2008] (equation (1)). l describes the fraction of an applied load that is supported by the pore fluid:
where m v is the formation compressibility (m v = ÀdV/Vds, V is the sediment volume and s is the vertical effective stress), f is the porosity, S w and S g are the water and gas saturations, and b w and b g are the water and gas compressibilities. Equation (1) assumes incompressible sediment solids.
[6] The unloading compressibility of shallow marine sediments (m v ) is $10 À8 Pa À1 [Sawyer et al., 2008] , which is two orders of magnitude greater than that of water. For water-filled sediments with porosity of 0.5, l = 0.97. Therefore, any decrease in total stress results in an almost equal pore pressure change, and effective stress decreases only slightly.
[7] The presence of free gas in sediment greatly increases the pore fluid compressibility and reduces the loading efficiency [Wang et al., 1998; Katahara and Corrigan, 2002] . Gas compressibility is described by:
where P is the pressure and Z is the gas compressibility factor. For an ideal gas, Z = 1 and b g is the reciprocal of the pressure. b g at Hydrate Ridge located $1000 m below sea-level (mbsl) is $10 À7 Pa
À1
, which is much greater than b w and m v . Shallower sediments have larger b g than deeper sediments. b g at Blake Ridge ($3500 mbsl) is only $30% of that at Hydrate Ridge. Therefore, the poro-elastic effect of gas-bearing sediment is more significant at shallower depth, for a given porosity and gas saturation.
[8] A drop in sea-level of h instantly reduces the total vertical stress (S v ) and the hydrostatic pressure (P h ) by r w gh (Figure 1a ). However, in situ water pressure decreases by only lr w gh in response to undrained seafloor unloading, where l < 1 (equation (1)). The net result is the development of water overpressure (P * w = P w À P h ):
Equation (3) indicates that under undrained conditions, sealevel drop creates water overpressure in gas-bearing sediments, where l is small.
Model Simulation
[9] We generated the initial conditions by running the model of Liu and Flemings [2007] for 30 ky. We assumed an initial sediment permeability of 10 À16 m 2 , a basal gas flux of 0.024 kg m À2 yr
À1
, no basal water or salt flux, and a heat flux of 55 mW m
À2
. Our assumed permeability is based on permeabilities of 10 À16 m 2 measured on samples retrieved from the hydrate zone at Hydrate Ridge [Tan et al., 2006] . We used the J-function to model capillary pressure: a capillary entry pressure of $0.2 MPa must be exceeded for gas to appear in the largest pore. Relative permeabilities were calculated according to Corey's model [Liu and Flemings, 2007] .
[10] Initially, there is a 10 meter thick hydrate zone with $33% S h (Figure 1 ). This hydrate saturation is high for lowflux settings but is likely present in high gas flux areas like Hydrate Ridge [Tryon et al., 2002] . The hydrate has reduced permeability, blocked pore throats, and increased capillary entry pressure, trapping gas beneath it (Figure 1b ). In the gas column, gas pressure (P g0 ) follows its static pressure gradient (red-dotted line, Figure 1a ), and the water is overpressured (P w0 ) $0.1 MPa above hydrostatic (blue-dotted line). The difference between the gas and the water pressure is the gas-water capillary pressure (P cgw = P g0 À P w0 ), which is proportional to gas saturation (S g ). The capillary pressure increases with elevation above the gas-water contact (GWC). The gas pressure (P g0 ) at the top of gas column is less than the overburden (S v0 ) ( Figure 1a ).
[11] Initially, three-phase stability (coexistence of water, hydrate and gas) is present only at the gas/hydrate interface (base of shaded area, Figure 1 ). Above this interface, hydrate and water are in equilibrium. Below it, gas and water are in equilibrium.
[12] We next consider the impact of a 200 m sea-level drop that changes water depth from 800 to 600 m. No additional gas or water is supplied from below. Given the initial temperature and salinity, this sea-level drop shifts the base of hydrate stability from 120 to 80 mbsf (meters below seafloor). We consider the impermeable (undrained) and permeable (10 À16 m 2 ) cases. Even in the permeable case, the actual permeability can be relatively low: the initial $33% S h or $50% S g can reduce the water permeability to <10 À17 m 2 . Such low permeabilities greatly inhibit the dissipation of abnormal pressure. A rough estimate of dissipation time scale is given by Sawyer et al. [2008] :
where m is the viscosity, L is the thickness of the hydrate stability zone, and k is the permeability. Using L = 120 m, k = 10 À17 m 2 , m = 10 À3 PaÁs and S g = 50%, we obtain a (Figures 2a and 2c) . The response of water pressure to instant sea-level drop in Case 1 (labeled as ''instant'', dotted blue line) is plotted for comparison in Figure 2c . The green dashed box is the hydrate zone prior to sea-level drop (Figures 2b and 2d) .
dissipation time scale of $2 ky. Thus, sea-level fall over 10 3 years is rapid enough to build great overpressure.
[13] We solve the multi-phase flow model numerically with the block-centered, finite-difference scheme [Liu and Flemings, 2007] . Pressure is calculated at the center of each block; pressures at the adjacent block interfaces are calculated assuming flow continuity. In permeable sediment, pressure and fluid flow are continuous across the block interface (Figure 4) . In impermeable sediment, there is no fluid flow, P w in each block follows hydrostatic gradient, and pressure is discontinuous at the interface (Figures 1 and 2) .
Case 1: Instant Sea-Level Drop in Impermeable Sediment
[14] We first consider the effect of sea-level fall on pore pressure without hydrate dissociation. Sea-level drops instantly from 800 to 600 m (inset of Figure 1a ). In the original hydrate stability zone (OHSZ, shaded area), where no gas is present, the loading efficiency is $0.95 (equation (1)). Thus, the pore pressure drop almost equals the drop in both overburden stress (S v ) and hydrostatic pressure (P h ): little water overpressure (P * w = P w À P h ) results. Below the OHSZ, where free gas is present, the loading efficiency is much lower (varying from 0.2 to 0.8, equation (1)) and significant overpressure develops (equation (3)). Above the gas-water contact (GWC), water pressure exceeds overburden by $0.8 MPa, and the gaswater capillary pressure increases the gas overpressure (P * g = P g À P h ) by $0.4 MPa. Below the GWC, water overpressure is $0.6 MPa. In summary, the degree of water overpressure that develops is proportional to the initial gas saturation (S g ).
Case 2: Gradual Sea-Level Drop in Impermeable Sediment
[15] We include the effect of hydrate dissociation in Case 2. The 200 m sea-level fall occurs over 0.2 ky (lowerleft inset of Figure 2a ). The response of pore pressure is identical to Case 1, except in the hydrate zone (Figure 2c) . In this zone, sea-level drop reduces water pressure and hydrates start to dissociate. Now, two effects increase overpressure. First, dissociation of hydrate into free gas and water causes a volume increase, which retards the decline in P w due to sea-level fall. Second, the dissociated gas is highly compressible and thus pressure decline is much less than the change in stress due to sea-level fall (equation (3)).
[16] After a 100 m sea-level fall (0.1 ky), absolute water pressure drops by $0.3 MPa due to unloading, dissociation decreases S h by 1.4%, and water overpressure of $0.7 MPa results ( Figure 2a ). The gas overpressure rises by another $0.6 MPa due to the capillary pressure. The capillary pressure of $0.6 MPa corresponds to gas entering relatively large pores (>200 nm). The capillary effect on three-phase stability is small at such large pore sizes [Henry et al., 1999] . Thus, the three-phase stability condition is calculated based on the absolute water pressure.
[17] Absolute water pressure (P w ) falls from 0.1 to 0.2 ky (Figure 2c ), which drives further hydrate dissociation. Excess water and gas pressures and gas saturation increase, as more hydrates are dissociated (compare Figures 2b and  2d) . P cgw changes only slightly, because the capillary pressure curve in our model has a plateau where P cgw increases little for a large change in S g . Hydrate dissociation creates nearly the same amount of water overpressure as that in the sub-hydrate free gas zone (Figure 2c) .
[18] The drop in water pressure (P w ) caused by sea-level fall drives dissociation. The dissociation zone is maintained at the equilibrium temperature (T e ) where water, gas and hydrate coexist (Figure 2d ). In this case, the small drop of 0.4 MPa in water pressure (P w ) elevates overpressure (P * w ) and decreases T e by $0.4°C. The decrease in salinity due to dissociation increases T e by $0.05°C. As a result, the hydrate zone cools only $0.35°C. Over 0.2 ky, insignificant heat is supplied from the surroundings due to this small cooling (Figure 3a) , and S h decreases only from 33% to 30% (Figure 2d ). The combination of reduced salinity and elevated overpressure limits the degree of cooling, suppresses heat supply, and inhibits further dissociation.
Case 3: Gradual Sea-Level Drop in Permeable Sediment
[19] In Case 3, the sediment has a permeability of 10 À16 m 2 , which allows gas and water flow. As in Case 2, seafloor unloading during sea-level drop induces hydrate dissociation (Figure 4b ) and increases P cgw in the hydrate zone. Though P g at the top of gas column exceeds overburden by $0.23 MPa, water overpressure in the gas and hydrate zones is less than in Case 2 (Figure 4a ). This is because overpressure generated by hydrate dissociation and (Figure 3a) . Hydrate dissociation decreases the temperature and water salinity. The L(liquid) + G(gas) + H(hydrate) equilibrium temperature (red line) is calculated with in situ pressure and salinity conditions (Figure 3c ). The degrees of cooling and pore water freshening are much larger in permeable Case 3. seafloor unloading is dissipated rapidly by flow out of the hydrate zone.
[20] As in Case 2, water pressure (P w ), temperature and salinity in the hydrate zone change along the three-phase equilibrium surface during dissociation. At 0.2 ky, the 1.5 MPa drop in water pressure (P w ) decreases T e by $1.7°C, while the concurrent salinity decrease from 3.7 to 3.2 wt.% (Figure 3d) elevates T e by $0.2°C. As in Case 2, pressure drop due to sea-level fall is the major driver for dissociation. In a closed system, the same amount of hydrate dissociation at 0.2 ky would decrease salinity to 2.9 wt.% and elevate T e by $0.4°C. Thus, water flow in this permeable case slightly reduces the pore water freshening caused by dissociation, which promotes dissociation.
[21] Case 3 has a greater pressure drop than Case 2, because Case 3 allows dissociated water and gas to flow out of the dissociation zone. The greater pressure drop in Case 3 results in more cooling in the hydrate zone: the larger thermal gradient between the hydrate zone and its surroundings allows more heat for hydrate dissociation (Figure 3c ). At 0.1 ky, dissociation decreases S h by 4.7% in Case 3 (Figure 4b ), while it is only 1.4% in Case 2 (Figure 2b) .
[22] During sea-level fall, overpressure (P * w = P w À P h ) increases with depth from the seafloor to the hydrate and gas zone ( Figure 4a) ; this drives water upward (Figure 4c ).
Water flow is driven by three effects. First, overpressure generated by unloading is greatest where S g is highest. Second, dissociation increases gas volume, displacing water out of the original hydrate zone (as indicated by the decreased S w , Figure 4b ). Third, dissociated gas migrates and solidifies right above the original hydrate layer (Figure 4b ). The volume increase that occurs during solidification drives water upwards.
[23] Water pressure is overpressured during sea-level drop (Figure 4a ) but underpressured after sea-level drop (Figure 4d and Animation S1 of the auxiliary material).
1 At 2 ky, P w is $0.2 MPa less than hydrostatic. During and shortly after sea-level drop (0 to 0.4 ky, Figure 4g ), pore water volume decreases, because the high overpressure expels water into the ocean (Figure 4a) . Meanwhile, gas volume increases (Figure 4h ), because gas expands due to its high compressibility and hydrate dissociation also releases free gas. After 0.2 ky, there is no sea-level fall to drive overpressure, dissociated gas migrates upwards and refreezes in the new hydrate stability zone ( Figure 4e ). As gas migrates upward, the zone depleted of gas has a lower water pressure (Figure 4d ). Water flows down into this gasdepleted zone (Figure 4f ).
[24] Shoaling in hydrate stability reduces salinity at the original hydrate layer and elevates salinity at the new hydrate layer (dashed-dotted line, Figure 3d ). This salinity trend is similar to that observed at Hydrate Ridge, where an upward shift in hydrate stability due to seafloor P-T changes has been inferred from seismic data [Bangs et al., 2005] .
Discussion and Conclusion
[25] In the free gas zone beneath oceanic hydrates, sealevel fall generates high overpressures and low effective stresses. This occurs because the absolute pore pressure drops much less than the total stress due to the high gas compressibility. Under these conditions, gas pressure can exceed the overburden stress, reduce the effective stress of sediments, and initiate slope failures. This process may drive the increased slumping that has occurred at Blake Ridge [Paull et al., 1991] , Mediterranean Sea [Rothwell et al., 1998 ], and North Atlantic margins [Maslin et al., 2004] during sea-level low-stands. The opposite behavior is expected during sea-level rise: high effective stresses will inhibit slope failure.
[26] Our model extends previous work by including the poroelastic response due to seafloor unloading and by simulating gas migration. We show that overpressure is generated in equal amounts by the poroelastic effect and by hydrate dissociation. Previous work that neglected this poroelastic response underestimates the amount of overpressure generated. Simulation of gas mobility shows that when sea-level falls, water is expelled into the ocean. After sea-level fall, gas migrates upward to the base of the new hydrate stability zone, a new hydrate layer forms, and pore waters are drawn downward into the previous gas zone: residual gas and decreased salinity will remain long after the original hydrate has dissociated. The model emphasizes that hydrate dissociation and solidification have dynamic feed- Figure 4c is 10 times as large as that in Figure 4f . (g and h) Evolution of water, hydrate and gas pore volumes in the model. backs; for example, elevated overpressure and reduced salinity that occur in dissociation combine to inhibit dissociation. Further dissociation is controlled by whether overpressure can dissipate, the availability of heat, and how rapidly salt can diffuse.
